INTRODUCTION {#SEC1}
============

In the diverse world of RNA, most are non-coding RNA, including lincRNA, rRNA, tRNA, snRNA and microRNA (miRNA), which play important regulatory roles in numerous biological processes. These non-coding RNAs are known to be linear molecules with 5′ and 3′ termini. However, some non-coding RNA also exists in a covalently closed continuous loop, called circular RNA (circRNA). In the decades since the initial discovery of circRNA in a viroid in 1976 ([@B1]), some endogenous circRNAs from back-spliced exons have been found in mammals, including *Mus musculus* ([@B2]) and *Homo sapiens* ([@B3]--[@B9]).

With the development of next generation sequencing, abundant circRNAs have been identified in human cell lines based on poly(A)-minus or RNase R treated RNA-seq data ([@B10]--[@B12]). Sorek *et al*. first used RNase R treated RNA-seq data to reveal genome-wide circRNAs in *Archaea* ([@B10]). By using a non-conical exon ordering strategy based on MapSplice, Sharpless and colleagues performed high-throughput sequencing on RNase R treated RNA (rRNA-depleted) from human fibroblasts, and identified more than 25 000 circRNAs ([@B11],[@B13]). After collecting rRNA-depleted poly(A)-minus RNA-seq in multiple human cell lines downloaded from the ENCODE project and aligning them with the customized scrambled exon database, Brown *et al*. identified widespread cell-type specific circRNA expression in humans ([@B12],[@B14]). However, the above three research groups did not publish their tools. Stadler *et al*. proposed an unbiased circRNA detection algorithm integrated into the mapping tool segemehl, which can detect splicing, trans-splicing and gene fusion events from single-end read data based on an enhanced suffix array, chaining and dynamic programming algorithms ([@B15]). Zhao *et al*. proposed a *de novo* circRNA identification tool named CIRI using multiple filtration strategies ([@B16]). Rajewsky *et al*. developed a pipeline to identify thousands of circRNAs in rRNA-depleted total RNA sequencing data from multiple human cell lines such as CD19+ and HEK293, and they also revealed that circRNA functions as sponge of miRNA ([@B17]--[@B19]). One year after publishing these results, they released their linux script pipeline named find_circ. Shortly afterward, based on Tophat_fusion, Yang *et al*. developed a circRNA detection pipeline named *CIRCexplorer*, and revealed that circRNA formation is mediated by complementary sequences flanking the exons ([@B20],[@B21]). Due to the detection strategy bias used in Tophat_fusion, which is specifically designed for identifying fusion genes, the same bias exists in *CIRCexplorer*. In addition, all of the above circRNA detection pipelines have been primarily applied to certain RNA-seq data sets, such as poly(A) minus RNA-seq data or RNase R treated total RNA-seq data. Those poly(A) minus RNA-seq data exclude coding transcripts, and can be used for detecting circRNA (without a polyA tail) with high sensitivity. After rRNA depleted total RNA is treated with RNase R, which can digest the linear mRNA transcripts, an abundance of circRNA can be enriched and easily detected by high-sensitivity tools. However, there is a large amount of total RNA-seq data without poly(A) depletion or RNase R treatment readily at hand for scientists. These data can be used for many research purposes, including non-coding RNA and mRNA differential expression analysis, with the goal of saving sequencing costs. Therefore, there is an urgent and widespread need for a computational tool for the unbiased identification of circRNAs from total RNA-seq data (rRNA depleted).

In this project, we developed a tool named UROBORUS, a Greek word referring to the ancient symbol of the snake or dragon eating its own tail. UROBORUS is based on TopHat and Bowtie tools using PERL language, which can identify circRNA from total RNA-seq data (rRNA depleted) ([@B22],[@B23]). We implemented UROBORUS on RNA-seq data from glioma samples to reveal the circRNA profiling of gliomas, which represent 30% of all brain and central nervous system tumors and 80% of all malignant brain tumors ([@B24]). This study included two types of glioma with distinct molecular pathogeneses: *de novo* GBM (WHO glioma grade IV) and oligodendroglioma (glioma WHO grade II and III). Therefore, we sequenced the transcriptomics of 7 oligodendroglioma, 20 glioblastoma (GBM) and 19 normal tissue samples, and tried to reveal the circular RNA profile in gliomas using UROBORUS.

MATERIALS AND METHODS {#SEC2}
=====================

Patient sample collection and RNA isolation {#SEC2-1}
-------------------------------------------

We retrieved 19 fresh-frozen *de novo* GBM and 7 oligodendroglioma (3 WHO grade III and 4 WHO grade II) from the University of Southern California Brain Tumor Bank. All tumor tissues passed the neuropathological criteria of having \>80% tumor nuclei and \<50% necrosis (GBM). For controls, we obtained 20 fresh-frozen autopsy brain tissues from the University of Miami Brain Bank. These non-tumor controls were neuropathologically verified to be free of any neurological diseases. Tumors and control subject characteristics were summarized in Supplementary Table S1.

Total RNA was extracted using RNeasy Kit (Qiagen) with DNase I digestion according to the manufacturer\'s instructions. RNA integrity was verified on an Agilent Bioanalyzer 2100 (Agilent Technologies, Palo Alto, CA, USA). cDNA was synthesized from 2 μg of total RNA using Superscript III (Life Technologies Inc.) and random primers (Life Technologies Inc.).

Library preparation and sequencing {#SEC2-2}
----------------------------------

Ribosomal depleted libraries were constructed for all samples using Illumina\'s TruSeq Total RNA Library Prep Kit. End-repair and adaptor ligation were performed according to manufacturer\'s instructions. Libraries were size-selected for 250--300 bp cDNA fragments on a 3.5% agarose gel and PCR-amplified for 15--20 cycles. PCR products were then purified on a 2% agarose gel and gel-extracted. Library quality was credentialed by assaying each library on an Agilent 2100 Bioanalyzer of product size and concentration. RNA seq was then generated using Illumina Hi-seq 2000, with 50 paired-end (PE) reads. Each sample yielded at least 60 million reads.

circRNA detection pipeline {#SEC2-3}
--------------------------

CircRNA can be produced from either an exon or an intron locus. However, most human circRNAs are exonic circRNAs, which is derived from a canonical splice donor site. We developed a computational pipeline named UROBORUS combined with TopHat and Bowtie to detect junction reads from these back-spliced exons in order to reveal the circRNA profile in gliomas. In order to filter those canonical splicing supporting reads, the RNA-seq reads were initially mapped to the human reference genome (hg19) using TopHat, which is capable of detecting the canonical splicing event. However, TopHat cannot map junction reads supporting back-spliced exons to the reference genome, and circRNA should be detected in those unmapped reads. Therefore, UROBORUS used the unmapped.sam file from the TopHat results as input data.

The main steps of UROBORUS are briefly described in Figure [1](#F1){ref-type="fig"}. The first step is to extract 20 bp from two ends (head and tail) of reads in an unmapped.sam file to form an artificial paired-end seed in fastq file format (R20_1.fastq and R20_2.fastq). Then, we aligned this short 20 bp paired-end seed to the human reference genome (hg19) with maximum of 2 bp mismatches using TopHat with default parameters.

![The UROBORUS pipeline for identifying circRNA based on total RNA-seq. The artificial paired-end seed (20 bp) was first extracted from two ends of reads in an unmapped.sam file, and then aligned to the reference genome. The results would have two cases of reads spanning the spliced site: balanced mapped junction (BMJ) reads and unbalanced mapped junction (UMJ) reads. The UROBORUS pipeline designed algorithm to deal with BMJ and UMJ reads, and detects more circRNA supported reads.](gkw075fig1){#F1}

In the above mapping results, we should identify two cases of junction reads from the mapping results in the SAM file format: balanced mapped junction (BMJ) reads and unbalanced mapped junction (UMJ) reads. BMJ reads are represented as reads aligned to the joining region of two back-spliced exons with minimum 20 bp of overhang at any end of the reads; UMJ reads are represented as reads aligned to the joining region of two back-spliced exons with less than 20 bp of overhang at one end of the reads. Intuitively, this is a balanced or unbalanced mapping event, so we call it a BMJ or UMJ read.

Most circRNAs are involved in non-linear exon ordering in the same chromosome and same gene in the second mapped SAM format file (converted from .bam file). It should be noted that some of these short 20 bp paired seeds have multiple mapping locations in the genome. First, we collected a short 20 bp seed and its mate in the primary alignment in the opposite orientation within 3 million bp distance (estimated longest gene length) along the same chromosome. Thus, some spurious alignments not supporting circRNA would be filtered. For instance, the head seed should be aligned at an exon downstream of the tail seed mapped exon for those plus strand genes. The head seed should be aligned at an exon region upstream of the tail seed mapped exon for those minus strand genes. Next these mapped paired-end seeds were separately extended outward to a splice site to form paired-end segments. If these paired-end segments could be mapped to the genome in the next step, they would join together to produce the candidate BMJ read supporting circRNA.

For detecting UMJ reads, the single mapped seed was selected, because its mate was too short to be mapped to the genome. Next, the seed was extended and mapped to the genome within the distance to the splice sites (acceptor site or donor site). We filtered out those single mapped seeds with a distance to the spliced site of larger than the read length minus 3 bps. Then the extended mapped seed (less than read length minus 3 bps) was kept as one segment of UMJ read, while the rest of sequence was kept as the other segment of UMJ read, which still remained not to do alignment as showed in Figure [1](#F1){ref-type="fig"}.

To obtain the integrated mapping \*.bam file, we collected the above BMJ and UMJ reads to do full read alignments to the human reference genome (hg19) using Bowtie again. The paired-end reads not aligned to the same chromosome or the same gene were filtered by filtering strategy in the UROBORUS. Those BMJ or UMJ paired-end reads that aligned to the same chromosome but in opposite orientations (detected by UROBORUS algorithm) were annotated as candidate back-spliced junction reads.

In the end, those candidate back-spliced junction reads were collected and statistically analyzed. Those supporting junction reads above 2 reads were annotated to be candidate circRNA.

RT-PCR and Sanger sequencing {#SEC2-4}
----------------------------

One microgram of total RNA for each sample was treated by RNase R (Epicentre, San Diego, CA, USA) at 37°C for 3 h. Two 1 μg of Total RNA for each sample were reverse transcribed to cDNA using an iScript RT SuperMix kit (Bio-Rad, Hercules, CA, USA), according to the manufacturer\'s protocols for subsequent amplification. Divergent and convergent primers were designed by an NCBI primer design tool and synthesized from Integrated DNA Technology (see Supplementary Table S2). We performed 35 cycles of PCR under standard conditions with 30 s 55°C extension. The PCR products were then subjected to electrophoresis in 2% ethidium bromide-stained agarose gel. To conform to the PCR results, the PCR products were purified using a Zymoclean Gel DNA Recovery Kit. The Sanger sequencing for PCR product was performed by GENEWIZ.

RESULTS {#SEC3}
=======

UROBORUS was tested on total RNA-seq data (rRNA depleted) from 7 oligodendroglioma, 20 glioblastoma and 19 normal brain tissues. First, we mapped the RNA-seq reads to the human reference genome (hg19) using TopHat. Then we employed UROBORUS to detect circRNA in the unmapped reads, and identified thousands of novel circRNAs in both the normal and the cancer tissues (see Table [1](#tbl1){ref-type="table"}). Some known circRNAs (circular HIPK3, CAMSAP1, MAN1A2, FBXW4, REXO4, ZKSCAN1, ZBTB44, FAM120A, MAP3K1, ZBTB46, NUP54, RARS, CRKL and XPO1) reported in previous research were also detected in our data ([@B11],[@B13],[@B20]).

###### Number of circRNAs identified by UROBORUS, find_circ and CIRCexplorer

  ---------------------
  ![](gkw075tbl1.jpg)
  ---------------------

One of the biggest computational challenges for finding circRNA using short 20 bp seeds is the multiple locations of seeds in the reference genome. To solve this problem, we developed UROBORUS\'s filtering algorithm to eliminate those spurious alignments (see Materials and Methods). Thus, we can reduce UROBORUS\'s false positive rate of circRNA, and obtain more circRNA with strong support from multiple reads.

One of the defects in previous pipelines is that they only use alignments with BMJ reads, in which the mapping region across junction point is more than the seed length, and neglect UMJ reads, in which the overhang region across break point is less than the seed length (usually ∼20 bp). In these cases, many circRNAs supported by short spanning reads are missed or underestimated in their expression level. However, the circular RNAs supported by UMJ reads are not rare events. UROBORUS was designed to address this problem.

Figure [2](#F2){ref-type="fig"} illustrates two typical cases of the circRNAs identified by UROBORUS. Figure [2A](#F2){ref-type="fig"} shows the BMJ and UMJ reads spanning a break point of circular ERC1 between exon14 and exon15. As illustrated in the figure, only 30 BMJ read counts clearly span the break point of circular ERC1, but the 43 UMJ read counts spanning the boundary of circular ERC1 should not be neglected. Figure [2B](#F2){ref-type="fig"} shows a circular CORO1C not supported by any BMJ reads, and only supported by 7 UMJ read counts, indicating that the circular CORO1C would be missed by those pipelines that only employ BMJ reads. By employing both BMJ and UMJ reads, UROBORUS improves the sensitivity of circRNA detection.

![CircRNAs supported by BMJ and UMJ reads. UMJ reads are neglected by other approaches, leading to underestimate of the circRNA expression level or complete missing of those only UMJ supported circRNAs. (**A**) UROBORUS can identify both BMJ and UMJ reads supported circular ERC1, while find_circ and CIRCexplorer can only detect fraction of BMJ reads of circular ERC1, leading to expression level underestimation of circular ERC1. Sanger sequencing confirmed ERC1 circRNA. (**B**) Unlike find_circ and CIRCexplorer, one of the most powerful features in UROBORUS is its ability to identify those only UMJ reads supported circular RNA such as CORC1C, which were further confirmed by Sanger sequencing.](gkw075fig2){#F2}

Estimation of the false positive rate {#SEC3-1}
-------------------------------------

In order to estimate false positive rate, we should run the pipeline on the RNA-seq data from RNA sample that does not contain circRNA. We expect that no circular RNA should be identified. If circRNAs were detected, that would be false positive circRNAs. A similar strategy was widely employed by previous researchers in detecting the fusion gene ([@B25]). Therefore, in order to estimate UROBORUS\'s false positive rate, we ran UROBORUS on poly(A)+ RNA-seq data in which circRNAs should be absent. We tested UROBORUS on ploy(A)+ RNA-seq data, and detected only one circRNA with 2 reads counts supported. Considering that this sample comprised ∼1.27 million reads, and assuming that all reported circRNA are false positives, the false positive rate would be ∼0.79 per million reads. Thus, we can estimated that UROBORUS will have FDR \< 0.013 (62.4 million reads, 3875 circRNAs).

Comparison with CIRCexplorer and find_circ {#SEC3-2}
------------------------------------------

Two available computational pipelines---*find_circ* and *CIRCexplorer*---were selected to compare with UROBORUS. The number of circRNAs detected by three methods was listed in Table [1](#tbl1){ref-type="table"}, showing that UROBORUS can detect more circRNAs than find_circ, but fewer circRNAs than *CIRCexplorer*. Due to the detection strategy bias, *CIRCexplorer* inevitably misses those UMJ reads supporting circRNAs in the first step and also overestimates the first step detected circRNA expression level. In this case it seems that CIRCexplorer detected more circular RNA due to its detection bias. The facts that *find_circ* missed many circRNAs supported by short spanning reads or underestimated in their expression level lead to the less circRNAs detected.

Among all the detected circRNAs, there are about 156 circRNAs expressed at a level above 0.1 RPM (reads per million mapped reads) in all samples identified by *find_circ*, 1417 circRNAs expressed at a level above 0.1 RPM in all samples identified by *CIRCexplorer*, and about 572 circRNAs expressed at a level above 0.1 RPM in all samples identified by UROBORUS. It seems that UROBORUS can identify more circRNAs than *find_circ*, but fewer circRNAs than *CIRCexplorer*. This might be due to the reason that overestimation of expression level by *CIRCexplorer*. When all the circRNAs (supported by 2 reads) identified by the three methods were compared using a Venn Diagram, only 307 common circRNAs were identified by the three pipelines, as shown in Figure [3A](#F3){ref-type="fig"}. However, *find_circ* identified 196 circRNAs that are different from *CIRCexplorer* and UROBORUS; *CIRCexplorer* identified 524 circRNAs that are different from *find_circ* and UROBORUS; and UROBORUS identified 726 circRNAs that are different from *find_circ* and *CIRCexplorer*. These results indicate that UROBORUS can detect more novel circRNAs, and these three methods can be complementary tools, based on their different mapping and filtering strategies. It is notable that all three pipelines can identify about 90% of those highly expressed circRNAs above 0.3 RPM, and detect more common circRNAs as the expression level of circRNAs increases, as shown in Figure [3B](#F3){ref-type="fig"}. This indicates that three pipelines are equally useful in predicting highly expressed circRNA.

![Comparison of three pipelines. (**A**) CircRNAs (supported by 2 reads) identified by the three methods were compared using a Venn Diagram; (**B**) UROBORUS and CIRCexplorer identify more common circRNAs as shown by the factions when the expression level of circRNAs increases; (**C**) The comparison of the three methods in language used, depending tools, memory and running time.](gkw075fig3){#F3}

As shown in Supplementary Table S3, 24 randomly selected circRNAs validated by experiments were all predicted by UROBORUS. However, *find_circ* predict 14 validated circRNAs. *CIRCexplorer* only predict 9 validated circRNAs. This suggests that UROBORUS may have better performance than *find_circ* or *CIRCexplorer* in predicting circRNAs in total RNA-seq data. We successfully validated 16 circRNAs at low expression level among the 19 circRNAs randomly selected from the discrepancy group, in which UROBORUS identified, while *find_circ* or *CIRCexplorer* did not hit. This result indicated that UROBORUS can detect more novel lower expressed circRNAs and has lower false positive rate than other two methods.

As shown in Figure [3C](#F3){ref-type="fig"}, UROBORUS has maximum memory of 6.3 G. This is slightly more than the other two pipelines, which use maximum memory of 5.2 G and 5.8 G, suggesting that these three pipelines have similar space complexity. UROBORUS can detect circRNAs on 10 G RNA-seq data with a running time of 4.8 h, while the other two pipelines run about 2.3 or 2.8 h on the same data in the same biocluster (compute node: Intel Xeon CPU X5650\@2.67GHz, 12 core, 80 G memory).

Experimental validation {#SEC3-3}
-----------------------

To verify circRNAs identified by UROBORUS, we randomly selected 27 circRNAs from normal brain samples, GBM and oligodendrogliomas for implementing RT-PCR and Sanger sequencing for validation. The expression level of the selected 27 circRNAs ranges from 0.017 to 3.104 RPM. Two pairs of primers (convergent or divergent primers) were designed for each candidate circRNA. Convergent primers are expected to amplify both the linear and circular transcripts, and divergent primers are expected to amplify only circular transcripts (Figure [4](#F4){ref-type="fig"}). We performed RT-PCR separately with total RNA or RNase R-treated RNA from normal, oligodendroglioma or GBM tissue, and a genomic DNA sample was used as a control. RNase R can digest linear RNA and enrich circRNA, so we can avoid detecting the false positive circRNA derived from genomic re-arrangement using an RNase R treated RNA sample. GAPDH was employed as a control for linear mRNA digestion in RNase R treatment.

![Primer design, PCR and Sanger sequencing validation for circ_ERC1. Two pairs of primers (convergent or divergent primers) were designed for each candidate circRNA (primer information in Supplementary Table S2). The junction region of circular RNA sequenced by Sanger sequencing validated the circular ERC1 formation; Gel electrophoresis validated the existence of circular ERC1.](gkw075fig4){#F4}

For the 27 randomly selected circRNAs, we successfully amplified 24 circRNAs from total RNA samples or RNase R treated RNA samples, in which circular CORO1C (0.061 RPM, supported by 7 read counts), expressed at lower levels, was also validated, but not amplified any circRNAs in genomic DNA samples. The experimental results were shown in Supplementary Figure S1. Only 3 circRNAs (circ_RPPH1, circ_MORC3 and circ_TTC3) were not validated from total RNA samples or RNase R treated RNA samples by RT-PCR. The Sanger sequencing on the RT-PCR product amplified by divergent primers further confirmed 24 circRNAs existence.

The findings---that *CIRCexplorer* did not identify 15 circRNAs, and *find_circ* did not identify 10 circRNA among 24 validated circRNAs by experiment in normal, GBM and oligodendroglioma tissue---imply that UROBORUS performs better than the *CIRCexplorer* and *find_circ* in predicting circRNA in total RNA-seq data.

Genomic features of circRNAs in gliomas {#SEC3-4}
---------------------------------------

Sequencing depths of glioma and control brain samples ranged from 55.6 to 91.5 million reads at the data size of about 10 G (details provided in Supplementary Table S4). About 85% of these RNA-seq reads were mapped to the human reference genome (hg19 version). When applying UROBORUS on the remaining 15% unmapped RNA-seq reads, we identified thousands of circRNA with at least two back-spliced junction reads in each sample of glioma and normal tissues.

Genomic features of highly expressed circRNAs (RPM \> 0.1) were investigated and compared between normal and glioma tissue. First, we found no significant difference in the exon number of highly expressed circRNAs between normal and glioma tissues, as shown in Figure [5A](#F5){ref-type="fig"}, indicating that circRNA is formed in a regular way, and may not be affected by biological conditions. We also found that the genomic distance of the back-splicing site in most circRNA is within 50 kb both in normal and glioma tissue, with only a few circRNAs spanning 100--300 kb, as shown in Figure [5B](#F5){ref-type="fig"}, suggesting that circRNA formation is most likely within one gene region, may be coupled to RNA splicing and cannot be altered by the biogenesis of gliomas. These two findings indicate that the circRNA is formed in a specific pathway, rather than as random byproduct of a canonical splicing event or as transcriptomic noise.

![Genomic features of circRNA in gliomas and normal tissue. (**A**) There is no significant difference in the exon number of highly expressed circRNAs between normal and glioma tissues; (**B**) The genomic distance of the back-splicing site in most circRNAs is within 50 kb both in normal and glioma tissue, with only a few circRNAs spanning 100--300 kb; (**C**) The number of alternative circularization numbers in normal tissue is significantly higher than in glioma tissue; (**D**) Exon length of circRNA in all samples; (**E**) RIMS circRNA has more alternative circularization in normal tissue than in glioma tissue; (**F**) VCAN circRNA isoforms are similar in normal and glioma tissue.](gkw075fig5){#F5}

Next in all samples including normal and glioma tissue, about 10% of circRNAs contain only one exon, as shown in Figure [5D](#F5){ref-type="fig"}. Most circRNAs, either in normal or glioma tissue, contain two to seven exons. In circRNAs with only one exon, the exon length was much longer than those from circRNAs with multiple exons. This is the case in both normal and glioma tissue, suggesting that back-splicing processing may prefer a certain length to maximize exon(s) circularization, and not be related to the biogenesis of gliomas. These findings are consistent with previous results from other researchers ([@B12],[@B20]). The only difference is that most circRNAs in our samples contain more exons than those circRNAs detected in previous research ([@B10],[@B20]), suggesting that different circRNAs may exist in different species or tissues. These similar genomic features were obtained from highly expressed circRNAs identified by our pipeline UROBORUS and others (*find_circ, CIRCexplorer*).

In addition, we discovered that multiple circRNA isoforms can be produced from single parental gene, consistent with previous reports ([@B12],[@B20]). However, in this study, most of the highly-expressed circRNAs only have one isoform in normal and glioma tissue, with only a small fraction of circRNAs generated in multiple isoforms. Furthermore, the majority of these multiple isoforms were expressed at low levels, with only one or two isoforms expressed at a higher level. These findings suggest that each parental gene can produce one or two primary highly expressed circRNA after competing with other circRNA isoforms.

Statistical analysis was also performed for the alternative circularization numbers (AC numbers) of each parental gene. We found that some parental genes have different AC numbers in normal and glioma tissue, as shown in Figure [5C](#F5){ref-type="fig"}, indicating that alternative RNA circularization may be involved in gliogenesis. For example, the RIMS gene produces about 5 circRNA isoforms in normal tissue samples, but only 2 circRNA isoforms in oligodendroglioma or GBM samples, as shown in Figure [5E](#F5){ref-type="fig"}, suggesting that tumor biogenesis reduced RIMS gene alternative circularization. However, the same number of circRNA isoforms derived from the VCAN gene in both normal and glioma tissue, as shown in Figure [5F](#F5){ref-type="fig"}, indicating that VCAN gene alternative circularization may not be involved in tumor biogenesis.

CircRNA expression profile in gliomas {#SEC3-5}
-------------------------------------

Thousands of detected circRNAs are distributed in all chromosomes in normal and gliomas tissue, except for the X and Y chromosomes, as illustrated in Figure [6](#F6){ref-type="fig"}. This distribution is not uniform in the chromosomes, either in normal tissue or gliomas. We also found that the detected circRNA number in GBM was significantly lower compared to brain control tissues or oligodendroblastoma (Wilcoxon rank-sum test, *P*-value = 1.944e-09, 0.0002117 separately), and there is no significant difference in the circRNA number between normal tissue and oligodendroblastoma (Wilcoxon rank-sum test, *P*-value = 0.1516).

![CircRNA distribution in normal tissue and gliomas. The upper panel shows the circRNA distribution in different chromosomes in normal tissue and gliomas. The circRNA number in GBM was significantly lower compared to normal tissues or oligodendroblastoma (Wilcoxon rank-sum test, *P*-value = 1.944e-09, 0.0002117 separately); no significant difference in the circRNA number between normal tissue and oligodendroblastoma (Wilcoxon rank-sum test, *P*-value = 0.1516). The lower panel shows the circRNA number in each chromosomes in normal tissue and gliomas.](gkw075fig6){#F6}

Approximately 83%(476) of total circRNAs is differentially expressed in normal and GBM tissue with q value \< 0.05 (Wilcoxon rank-sum test and Benjamini--Hochberg correction) among 572 highly expressed circRNAs (RPM \> 0.1) identified in all 46 samples (details in Supplementary Table S5). There are about 468 circRNAs, such as circ_CDR1, circ_ATRNL1, circ_AKT3, circ_SPTAN1, circ_ZNF483, circ_RIMS1, circ_FKBP8, circ_UNC13C, that are more highly expressed in normal tissue than in GBM with a q value \< 0.05 (Wilcoxon rank-sum test and Benjamini--Hochberg correction), indicating that most of the highly expressed circRNAs are important factor in maintaining normal physiological function. Anna *et al*. and colleagues also found that most circRNAs are highly expressed in human normal tissue comparing with colorectal and ovarian cancer, idiopathic lung fibrosis ([@B26]).

There are eight circRNAs, such as circ_COL1A2, circ_PTN, circ_VCAN, circ_SMO, circ_PLOD2, circ_GLIS3, circ_EPHB4, circ_CLIP2, that are more highly expressed in GBM than in normal tissues with a q value \< 0.05 (Wilcoxon rank-sum test and Benjamini--Hochberg correction), indicating that these eight circRNAs could be potential biomarkers for GBM. The heatmap of highly expressed circRNAs (in RPM) and their parental mRNA expression level (Fragments per kilo base of exon per million mapped reads (FPKM)) is displayed in Figure [7](#F7){ref-type="fig"}, showing that the circRNAs were differentially expressed among oligodendroglioma, GBM and control brain tissues, and even between different normal tissues (cerebellum and cortex). Moreover, Figure [7](#F7){ref-type="fig"} also illustrated that the corresponding parental mRNAs of these circRNAs were also differentially expressed among oligodendroglioma, GBM and control brain tissues, and even between different normal tissues (cerebellum and cortex). These results indicate that both of circRNA and its parental gene are expressed in tissue or cancer specificity.

![Differential circRNA expression and their parental mRNA expression in normal tissue and gliomas. (**A**) The heat map of expressed circRNAs in normal, oligodendroblastoma, and GBM (RPM \> 0.1); (**B**) The heat map of parental gene related to circRNAs in normal, oligodendroblastoma and GBM.](gkw075fig7){#F7}

Previous researchers found that the expression of circular RNA is positively correlated with that of linear parental mRNA ([@B20]), and even promote or regulate transcription of their parental genes ([@B27],[@B28]). In order to further investigate the correlation of circRNAs expressed with their parental gene, we have calculated the Pearson correlation coefficient (PCC) between the expression levels of circRNAs and their parental mRNAs. The results indicated that about 50% of highly expressed circRNA (\>0.1 RPM) have a strong positively correlation (PCC \> 0.5) with their parental mRNAs in normal and gliomas. Therefore, some circRNAs in the remaining half of 572 highly expressed circRNAs may have potential effects on gliomas. We also found from Figure [8A](#F8){ref-type="fig"} that about 185 highly expressed circRNAs and their parental mRNAs has the similar correlation pattern in normal or gliomas (Root mean square error (RMSE) \< 0.15). The correlation of the remaining about 387 highly expressed circRNAs with their parental mRNAs have different pattern in normal and gliomas. It is found on the PCC Frequency distribution in Figure [8B](#F8){ref-type="fig"} that there are more circRNAs strongly correlated (PCC \> 0.7) with their parental gene in normal than in gliomas. In addition to differential expression, we also studied the patterns of circRNA expression and their parental gene mRNA expression (Supplementary Table S6). We compared differential expression patterns between GBM and controls, and between oligodendroglioma and controls. For both GBM and oligodendroglioma, there were 3 patterns of circRNA differential expressions: (i) circRNAs more highly expressed in normal tissue than in tumor tissues (Expression Pattern A (CPA)); (ii) circRNAs more highly expressed higher in tumors than in controls (Expression Pattern B (CPB)); and (iii) circRNAs with no difference in expression between normal and tumor tissue (Expression Pattern C (CPC)). For each pattern of circRNA expression, their parental gene expression also exists in three patterns: (i) parental gene expression is higher in normal than in tumor tissue, which is labeled by mRNA expression pattern A (MPA); (ii) parental gene expression is lower in normal than in tumor tissue, which is labeled by mRNA expression pattern B (MPB); and (iii) there is no difference in parental gene expression between normal and tumor tissue, which is labeled by mRNA expression pattern C (MPC). We listed these expression patterns of the circRNAs and their parental genes in Table [2](#tbl2){ref-type="table"}. We estimated that circRNAs in these different expression patterns may play different roles in normal or abnormal biological processes.

![Pearson correlation coefficient between circRNAs and their parental mRNA. (**A**) The genes were arranged from left to right according to the RSME value from lower to higher of PCC among normal, GBM, and oligodendroblastoma. Thus, the left 185 circRNAs and their parental mRNAs have the similar correlation pattern in normal or gliomas (RMSE \< 0.15). The correlations of the remaining about 387 circRNAs with their parental mRNAs have different patterns in normal and gliomas; (**B**) The PCC Frequency distribution in normal and gliomas.](gkw075fig8){#F8}

###### circRNA and its parental gene expression pattern in normal tissue and gliomas

  Normal versus Glioblastoma                                                                                                                                                                                                                                                                                              
  --------------------------------- -------------------------------------------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------- -----
  CPA (N \> G) 468                  MPA (N \> G)                                                                                                                           CDR1;ATRNL1;AKT3;SPTAN1;ZNF483;RIMS1;FKBP8;UNC13C; NTRK2;GABRB2;CADPS2;NRXN1;GLS;DYNC1H1;PDE4DIP;CAMK4; PJA2;TIAM1;ATP9A;CLASP2;SYNE1;         353
                                    MPB (N \< G)                                                                                                                           QKI;PSMA7;RHOBTB3;TMEM165;LIFR;CSNK1A1;VAMP3;CAPZA1; CORO1C;WBSCR22;PDE4B;NUP205;ZFAND6;BACH1;SLC30A7;ASXL1; TTC28;TNPO3;DHX34;NCOA3;DCUN1D4   22
                                    MPC (N = G)                                                                                                                            FAT1;MAN2A1;FAM208A;LZIC;PICALM;RBM39;CCDC9; QSER1;LPXN;PSMD5;DHDDS;PAN3;**......**                                                            93
  CPB (N \< G) 8                    MPA (N \> G)                                                                                                                           /                                                                                                                                              0
                                    MPB (N \< G)                                                                                                                           COL1A2;PTN;VCAN;PLOD2;SMO;GLIS3;EPHB4;.                                                                                                        7
                                    MPC (N = G)                                                                                                                            CLIP2.                                                                                                                                         1
  CPC (N = G)                       OPHN1;NCOR2;KANSL1L;MDM2;QKI;CHD7;RELL1;LPHN3;MAML2;NUP54; FKBP8;PSD3;SAMD4A;TBC1D1;LPHN3;;**......**                                  96                                                                                                                                             
  Normal versus Oligodendroglioma                                                                                                                                                                                                                                                                                         
  CPA (N \> O) 93                   MPA (N \> O)                                                                                                                           SPTAN1;RIMS1;AKT3;UNC13C;ZNF483;CADPS2;GLS;FKBP8;SYNE1; AKAP12;STXBP5L;DNAJC6;ANK3;SOGA2;PDE4DIP;ATP8A2; TTLL7;RPH3A.......                    65
                                    MPB (N \< O)                                                                                                                           PDE4B;SMAD5;LRP6;TDRD3.                                                                                                                        4
                                    MPC (N = O)                                                                                                                            PICALM;ANKRD36B;PHIP;CRKL;PPA2;USP24;ZBTB44;USP45;NTRK2; PSMB1;MGA;PTK2;KLHL24;MDN1;KLHL24;FGGY;CNOT2;RBM33; MIB1;PHF21A;RPAP2;SLC12A2;        24
  CPB (N \< O) 20                   MPA (N \> O)                                                                                                                           TBCD                                                                                                                                           1
                                    MPB (N \< O)                                                                                                                           SCARNA2;VCAN;ZBTB20;OPHN;AGXT2L1;MKLN1;AASS;NFIB;SOX6; LPHN3;LPHN3;TEX9;MTHFD2L;SMO;MAP3K1.                                                    15
                                    MPC (N = O)                                                                                                                            KDM4B;ZNF292;ZNF362;LDLRAD3.                                                                                                                   4
  CPC (N = O)                       MDM2;GLIS3;GLI1;CSMD2;COL1A2;ANKIB1;MAN2A1;CAMSAP1;CDK8;TBC1D1; UBR5;CUX1;PICALM;UBA2;DDX3Y;ARHGAP12;FAM208A;UBE3D;LZIC;CDK13;......   460                                                                                                                                            

CPA: circRNA expression pattern A (normal \> tumor); CPB: circRNA expression pattern B (normal \< tumor); CPC: circRNA expression pattern C (normal = tumor); MPA : parental mRNA expression pattern A (normal \> tumor); MPB : parental mRNA expression pattern A (normal \< tumor); MPC : parental mRNA expression pattern A (normal = tumor); normal \> tumor means that circRNA or mRNA expression level is higher in normal than that in tumor tissue, normal \< tumor means that circRNA or mRNA expression level is lower in normal than that in tumor tissue, normal \< tumor means that there is no difference between normal and tumor tissue, the difference significance is tested by Wilcoxon rank-sum test and Benjamini--Hochberg correction (q \< 0.05).

First, those 353 CPA circRNAs and their MPA parental genes (such as CDR1, ATRNL1, AKT3, SPTAN1, ZNF483 and RIMS1) have a similar expression patterns in normal and GBM. Therefore, we hypothesized that they are byproducts from alternative splicing variants ([@B29]), or that they may function as miRNA sponges to elevate target parental gene expression in normal biological processes ([@B18]). For the 115 CPA circRNAs and their MPB or MPC parental genes (such as QKI, PSMA7, RHOBTB3, TMEM165, LIFR, CSNK1A1, VAMP3 and CAPZA1), we speculated that these circRNAs and their parental genes may function as tumor suppressors. The seven CPB circRNAs have a similar expression pattern to their MPB parental genes (such as COL1A2, PTN, VCAN, PLOD2, SMO, GLIS3 and EPHB4.). Therefore, we hypothesized that they are byproducts from alternative splicing variants ([@B30]), or that they may function as miRNA sponges to elevate target parental gene expression in abnormal biological processes ([@B18]). We did not detect any CPB circRNAs and their MPA parental genes in normal tissues and GBM. For the one CPB circRNA, circ_CLIP2, and its MPC parental gene, it is speculated that it may function as an oncogene in GBM. However, circ_CLIP2 is only expressed in a few of subjects. In the future, we need more subjects to investigate its regulatory roles in GBM biogenesis.

There are more than 476 differentially expressed circRNAs in normal tissue and GBM, but only 113 circRNAs are expressed differentially between normal tissue and oligodendroglioma. In addition, the number of CPA circRNAs and their MPA parental genes in normal and oligodendroglioma is far less than that in normal tissue and GBM. Although the number of highly expressed circRNAs in oligodentroglioma is relatively more than that in GBM, circ_VCAN is highly expressed in both of oligodentroglioma and GBM. It is worth mentioning that circ_VCAN parental genes have been known to be expressed in brain tissue ([@B31],[@B32]), and that the VCAN gene has been experimentally validated to be the causal gene of gliomas ([@B31],[@B32]). Thus, the highly expressed VCAN-derived circRNAs in gliomas are also supposed to be related to glioma biogenesis. However, the circRNA shares the same exons with one isoform of its parental gene, so the canonical knock down or over-expressed experimental methods cannot discriminate the circular or linear isoform of the gene ([@B33]). It is imperative that an experimental method specifically designed for studying circRNA function should be developed in the circRNA research field in the near future. This would allow us to determine whether circRNA or its parental gene is the main causal gene of glioma.

DISCUSSION {#SEC4}
==========

We have developed a computational pipeline named UROBORUS with the goal of identifying genome-wide circRNA based on total RNA-seq data. Employing this pipeline in gliomas and normal tissue, we first revealed the circRNA profile in gliomas, detected thousands of circRNAs in each sample and found a set of highly expressed circRNAs not detected by two other methods. We observed a notable decrease in circRNA amounts from normal tissue to oligodendroglioma and GBM, suggesting that the abnormal conditions in tumors leads to the failure of the back-spliced events required for forming circRNA. The alternative circularization numbers (AC numbers) for some parental genes in glioma tissue were decreased compared to AC numbers in normal tissue, indicating that alternative circRNA formation was also altered in tumor conditions.

Compared with *CIRCexplorer* and *find_circ* methods, the UROBORUS pipeline is a user-friendly and efficient tool for detecting circRNAs expressed at low levels in total RNA-seq data. The *find_circ* is a linux script tool, which cannot be easily used by biologists. The amount of circRNA identified by *find_circ* in our RNA-seq data was much less than by the *CIRCexplorer and* UROBORUS pipelines. *CIRCexplorer*, a modification from TopHat_fusion that employs a two-step mapping strategy, creates a Bowtie index from spliced contigs formed by the first step of mapping results. *CIRCexplorer* then aligns all of the un-mapping reads against the spliced contigs within one gene region. Thus, *CIRCexplorer* inevitably misses those UMJ reads supporting circRNAs and overestimates the circRNA expression level. The UROBORUS pipeline can avoid these detecting biases by taking into consideration short spanning reads, and re-aligning both BMJ and UMJ reads to the whole genome as opposed to a Bowtie index from spliced contigs. Although each of the three tools use different strategies to find different circRNAs, UROBORUS can find more common, highly-expressed circRNA than the other two tools as the expression level increases. This suggests that the detection of circRNA expressed at low levels is key to these tools. Unlike the other two approaches based on 20 bp spanning two sites of the junction, the UROBORUS pipeline can find those circRNA supported by short spanning reads. This capability increases its sensitivity and allows it to find circRNAs expressed at lower levels with 0.013 FDR. The six circRNAs expressed at relatively low levels in some samples (circ_STXBP5L, circ_FKBP8, circ_CORO1C, circ_ZNF148, circ\_ RNF10, and circ\_ SAFB2), successfully validated in the RT-PCR and Sanger sequencing experiments, and also indicated that the UROBORUS pipeline can detect circRNA expressed at low levels, when compared with the other two available tools.

The current version of the UROBORUS pipeline can only detect those circRNAs supported by exon--exon junctions, and may miss those circRNAs derived from an intron region or intergenic region. Although these intron- or intergenic region-derived circRNAs only represent a small fraction of total circRNAs, we also plan to develop a second-generation UROBORUS pipeline to detect more circRNAs derived from intron regions.
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